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CHAPTER I

INTRODUCTION

The theoretical study of transient combustion and flame spreading
in 'grumlar sclid propellant beds requirss a parallel exporimental study
to provide a diract msane for verification of the theoretical model.

In addition, experimental results aid in the understanding of rhe
physical process, such ar the effocts of primer atrength, propellant
typa, dsterrent concentration, and dowmstream boundary conditionr on the
overall combustion process. The axperimsntal study can alzo zstablish
a data base which may be useful for data correlation and for providing

physizal iupur for the theoretical solutisn.

1.1 Motivation and Objectives

Catastrophic failure of propulsion srnd gun systems has been attriduted
to ignition transients within granulay propellant charges. This reseaxch
is stimulated by the nead for continued investigation of the ignition
and flame spreading phenomena of s01id propellart coubustion., The research
is also partially motivated by the racent progress in the area of granular
propallant studies (1-22). Besides the encouragement offered by these
advancemants in this field, the problem of ignition and flawme spreading
in porous propellant charges is obviously important in ' v design and
snalysie of propulsion aystems.

Therefore, the overall research objectives of this experimental

study are:




1) To verify the theoretical model which parallels this
study.

2) To improve the undersztanding of tiansient combustion in
order to reduce hazards and to improve the design of
propulsion systems.

3) To provide the physical model and doundary conditi&nn
required in the solution of the theoraticai model.

4) To evaluate the effects. that a single variable (i.e.,
igniter strength, propellant compositior, and dowastream
boundary) has on the transicnt combustion procass.
The results of this study mav he useful to future investigators
for predicting general trends in solid propellant combustion for a wide
range of combustor geometries and prorellant compositions. In additiom,
the comparaiively generalized approach to this work should be helpful in
the design of future experimental teast systeas.
The phenomena that occur during the transient combustion event
include:
e) penetratiom of hot ignition gases into the granular bad
b) couvective heating of the propellant to igni:ion
¢) compaction of the granular bed

d) rapid pressurization within the combustion chamber

e) propagation of the peak pressure towird the downstream
end of the chamber

f) flame spraading within the propellant bed

g) rapid depressurization of the chamber following tke rupture
of a shear disc or motion of a projectils.

It 1is beyond the scope of this initial experimental effort to

study these phenomena individually. Indeed, they are so interrclsated

10
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that complety segregation of
In this respect, the purpose

effact of these phenomena on

each process is virtually impossible.
of this work is to describe the collective

the overall combustion process.

11




CHAPTER II
LITERATURE SURVEY
In this chapter a litersture survey is presented on two different
topicvs: 1) & brief survey on related experimental studies in granular

propellant combustion, and il) a survey of the instrumentation currently

usaed in combustion tests.

2.1 Survey on Related Experimentzl Worka

The objective here is to summarize the results and conclusions o
various investigetionas in granular propellant in order to indicate the
current state-of-the art, to gain an understanding of the previously
observed phenomena and also to avoid duplication of prior studi:s.
Recent studies were made by various investigators to gain a deeper
understanding of the physi:al phenomena in igniting and burring granular
propellants. °

Squire, et al (23) investigated the primer propellant interface in
a constant volume venting bowb. They conclude from their experimental
reeults that .here is definitely a propagation of a flame front thronugh
the propallant bed, and that the reason for thu time delay between
initiation uf successive gagea along thn chamber is explained by the
finite rate of flame spreading and by the compaction effect in the bed.
In addition, they show that ths primer strength has a pronounced effect
on the ballistic cycle. Kuo, et al (1) used Squire's results to show

that gas-penetration burning of porous propallants or explosives under

)/
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strong confinement is inherently self-accelerating. Squire also studied
the moti... of the granular propellant particles by inserting several lead
particles into the bed and cbserving their motion with X-ray photography.
There is some doubt, however, whether these results are representative

of the actual particle motion since the density of the lead particles 1is
much greater than that of the propellant. If smaller lead particles

had been enclosed in a less dense material, such that the_average density
of the test particles equalled the demnsity of the actual propellant
particles, then the experimental measurements would be more representztive
of the actual particle motion.

Ian the consideration of the effect of propellant type on the pressure-
time--distance variations, Warlick (24) conducted several exneriments on
various artillery systems, using NACO propellants (the cool-burning pro-~
pellant which reduces barrel erosion); and comparisons were made with the
PYRO propellants. The pressure-time traces obtained at the case base
showed no significant difference with propellant type. The pressure-
time history at the projectile base is later found to be radically different
frou those recorded at the cartridge case base. The intensity of the
travaling pressure fromt in the combustion chamber was found to be strongly
depandent on primer venting, porosity distribution, and the physical-
chesicsl charactaristics of the propellant in the bed. Warlick firmly
sugg:e ..ts that interior ballistic systems studies must inciude the con-
sideratio. of the above effects to minimize the pressurs irregularities.

Soper (22) performed experiments on ignition waves in gun chambers

loaded with NACO propellants. His axperimental results revealed severe

13
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wave action during ignition: e Jdistinct pressure wave traveled down and
contiovad oscillating inside the combustion chamber. A strong pressure
spike a: the base of the projectile was recorded (the typical intensity
18 2660.0 kg/cm?). Soper's flash X-ray apparatus detected a pronounced
acceleration of propellant particles ahead of the gas pressure wave. This
suggests concideration of both the motion of propellants and alsc the
intergranilar forces transmitted in compaction heds are equally important.
Extensive experiments were perforued by Gerri, et al (25,26) on
granular propellants in a vented chamber similar to the one used in this
study. verri primarily used WC-846 propellant grains and FA-41 primers,
which were also used for a small number of experimernts in this study.
Photudiodes were used to measure the flgme spreading in the propellant
bed and for measuring the burst of the shear disc at the veﬁted ¢ad of
the chamber. Also, & microswitch was used tc measure any deflection of i )
the shear disc prior to bursting. By uring several types and thicknesses
of shear discs, Gerri showed that Jue to extremely high p.essurization
rates, the bursting strength of the shear disc hed little effect cn the

prassute-time traces. There were saveral discrepancies in the photodiode

dafa, howaver, and as a result, very little flame spreading information
was obzained. Th¢ resulty of the pressure measurements.clearly indicate

s strong prassure gradient which moves along the axial length of the

packed prorellant bed during the combustion process. From his exparimental
observations, Gerri concludes that additional theoretical and experimental

eaphasis must be placed in the following areas: 1) Compaction of the bed

14




due to primer action; 2) subsequent compaction of the bed due to pressure
build-up and two phase gas flow through the bed; and 3) ignition at the
interface between primer and propellant.

Bernecker and Price (27-29) have studied the transition from
deflagration to detonation (DDT) in porous propellant charges v..der
confinement. '~ measure the flame fromt location during the tranelent
event, ionization pins were glued into the walls of a_thin-vnlled ntesl
chamber (detonmation tube) which detect the presence of icaized gases in
the propellant flame. Their studies show that a convect?: s flame frent
exists in burning propellant charges and that the stabilitv of this
convective front is largely determined by the vroperties of the propellant
(i.e., the more energetic the propellant, the more statie tha conve.cive
front). |

Horst (30-32) has done considerable work in primer-propellant intef-
fece studies for larger caliber Navy gun systems using the bayonet-type
primer. Most evident in his experimental results is the axistence of
extreme pressure wave phenomena and pronounced reverse pressure gradiente
within the casing cauzed by high pressure differences between the breech
and projectile ends of the casing. Malfunctions of severil large caliber
gun rystems have baen attributed to these large prassure diffocsxces.

In his wost recent exparime:’al work (32), Horst investigaied three
possi:le techaiques to minimize and/or eliminate the ¢itrume pressurc
wvave phenomena: 1) elimination of void ragiuns in the rorwzrd end of

the gun caeing and the addition of a radisl fcosn spacer along the ceding,
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2) replacewent of the standavd 7-perforated grains wizh 19-perforated
grains and 3) modiftication (lengthening) of the bayonei primer in an
attewpt to provide simultanecus igniticn along the axial lergth of the
propellant charge. Initial experimental results indicate that the

Siretr two techniques i{nvestigated were reaszonadbly effective in reducing
the reverse pressure gradient. The third technique was less successful;
however, it was pointed ¢:i* that by increasing the primer 1ength further
(tn the entire length of the charge), axial flame spreading might be
reduced significantly zad the extreue reverse pressure gradients may be
eliminatad.

East and McCiure (23) have conducteé¢ tests on two differcat charge

asscmbly cnnfiguractions for the 76 mm OTO MELARA weapon svstem and on two

differant charge assenbly configurztions for the 5"/54 wn;pon‘systam.
Their tests included time correlated measurements of pressure wave action
via multiple pressure transducers along the propelling charge axis and
projectile base, prozellant grain motion via flash radiography, flame
front.propagation via high speed photograpliy, projectile displacement via
stresk photography, and projectile acceleration via hase mounted acceler-
cmeters. The vadiographs revesled thar the M6 grains were pulverized
vhen chey impacted with the projectila bLase ar velocities of 800 fps.

In addition, their muasurements showed that for all the coafigurations
testad, the flane front was either coincident with or lagged the prusaufc

froat thrcughout the propslling charge.

2.2 Instrumentation Survey
The thrae prixmacy phenosana measured in this study are pressures,

fiame speed, and projectiliu displaccment. To instrumant a granular




propellant combustor to accurately measure these extremely rapid, transient
phenomena requires electro-mechanical devices with the following
characteristics:

a) high frequency response to accurately follow the transient
event

b) high resonant frequency to avoid high amplitude oscillations

c) high input impedance so as not to affect the phenorena
being measured

d) high durability and accuracy when exposed to extreme
combustion environments

e) high output level to avoid noise problems in signal
processing

f) swmall physical size and caas to facilitate mounting in the
combustor,

In addition, a recording system is required that is capable cf high

frequency, multi-channel, time carrelated data acquisition.

2,2.1 Pressure Measurements

A general referenze (37) for pressure tranducer types and pressure
sensing elsments that are currently available in the commericsl market
is given in Appendix 1. The majority of recent experiments in solid
propellant combustion (22-26,30-35) have used the KISTLER 607 piezoelectric
pressura transducer. The wide acceptance of this slectro-mechanical
principle warranted additional study of the commercially avallable
pisroelectric transducers in the 100,000 psi range. The results of this
survey are shown in Table 1. The major difference between the various
models in Table 1 is the type of signal conditioning and/or amplification

required. The mure expensive uwodsls include a chirge amplifier which

17
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vrovides the capability to select an output range for a given input p{esaure
range. This cepability is not available on the models with built-in
amplifiers or in-line amplifiers.

A resistive type Minihat (36) prazssure transducer was developed at
the Ballistic Research Laboratory especially for use in the extr:me
environment of interioy ballistics. During the development of the gage,
extensive combustion tests were made to comparz the simultanecus outputs
of the Minihat transducer with a Kistler 607 transducer. In the latter
stages of development, the comparisons wure in extrezely good agreement

and are presented in reference 35,

2.2.2 Flame Speead Measurements

Considerable disagreement exists among current investigators
concerning the definition ol the flame front. One group of investigators
(27-29) defines the “lame front as the airrival of the ionized gas which
is known to be present in a fiame. Otker groups (22,25,26,33) define
it as a high intensity luminous zoue which travels through the propellant
bed.

To measure the flawe speed in granular propellant charges, Bernecker
and Price (27-29) have used fonization pins. Their results have shown
that the flame speed increases abruptly during the transition from
deflagration to detonation. Gerri (25,26) has used photodiocdes to
msasure flame lpg.ading and also to measure the rupture time of the
burst diaphranm. Gib‘onand Macek (38) used a high resistance Nichrome wvire
embedded axially ia the explosive charge tc measure the flame speed in

a continuous manner. The ionised flame front shorted ‘the wire to the

19




grounded charge case, therzby completing the circuit. As the flame trav-
eled through the charge, the resistance became smaller; thus a continuous
measurement of the flame front was ootained. Gibson and Macek also used

ionization pin3 to verify the Nichrome wire results and found both methods

in agreement with each other.

2.2.3 Projectile Displacement Measurements

For the investigator in interior ballilstics, the motion of a
projectile at the downatream boundary of a propellant charge represents
a transient increzse in volume for the combustion procesa. As a result,
the preacise location of the projectile before leaving the gun barrel
is extremaly important.

Squire (23) used a microwave interferometer to measure the projectile
displacement within an M16 rifle. The microwave interferometer is
essentially a very high frequency (G Hz) transmitter/receiver. A sine
wave 1s propagated down the barrel of the weapon and the reflecred
radiation from the nose of tie projectile undergoas a doppler shift as
the projactile moves forward. The resulting output is a frequency varving
sine wvave which can be diractly related to the velocity of the projectile.

| Stansbury and Comsar (39) havs also used the microvave interferometer
In their studies with liquid propsllsnt combustion. Due to the inherent
ovise in the doppler signal, they have do;clopod "smoothinz" and filtering

techniquas to minimize errors in differentiated signals.
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CHAPTER III

EXPERIMENTAL SET-UP

3.1 General Design Considerations

The transient conbustion process of granular solid propellant is an
extremely rapid event 1nvolv1ng pressurization rates which exceed 14
million arm per sec~nd. Pressurization rates of this order of magnitude
may craate extremely hazardous experimental conditions. In this respect,
the primary consideration in the design of the ccmbustor wa2 safety. Since
each date instrumenc mrunted in the walls of the combustor weakens the
strength of th; chamber, the uumber, sice, and type of each data prode
wes carefully considered to maximiza safety, yet still obtain meaningful
data.

In addition to safety, the response “ime of the data probes is
extrarely important. Transiea® avencs of the order mentioned above
requite data resolui:ion to the order of just s few micreseconds.

daving defined the major considerations ia the combustor design and
instrumentation, it ia the purpose of this chapter to pressnt the assembled
test rig gnd then to dascribe esach compouent in detail.

A schematic drawving of ths curremt experimental test rig is showm
in Pig. 1. The main components are 1) the igniter cherber which houses
tae primer, 2) the main combustion chambar which contains granular
propellants, and 3) the projectile chamber. During the course of these
experimenta, four basic combustor assasbly configurations vwere used:

a) geseous ignition system with chear disc and shear disc
ratainer;
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b) gaseous ignition system with projectile and projactile
chamber;

¢) impact primer ignition system with shear disc and shear
disc retainer; and

d) impact primer ignition system with projectils and projectile
chamber.

A schematic drawing of the configuration using the gaseocus ignition

system with shear disc and shear disc retainar is shown in Vi3. 2.

3.2 The Coabustion Chamber

The thick-walled combustion chamber is fabricated f{rom "Elastoff
44" steel, and is designed to contain rapid pressure transients in excess
of 15,0006 atm. The chilbcr has an outside diameter of 8.89 cm, and a
smooth center bore of 0.777 cm. The length of the chamber is 15.24 cm.
Each end of the chamber contains an alignment ring to ensure a perfect
concentric alignmant of adjoining sections of the combustor (igniter and
projectile chasber). A 5/2 inch dismeter O-ring (1/8 inch cross-sectionsl
diameter) of type Buna N rubber provides a pressure seal at each end of
the chamber. The combustion chamber houses four prassure rransducers
cnd four jonization probes which ars evenly distributed and spirally
located along the length of the chamber. Each ionization pin is.
lo;ntod dismetrically opposite tc a pressure transducer. The spiral
placement of the pressure transducars and {onization pins is intewuded to
saxinize combustion chamber strength and to verify the theory that the
combustion process i3 essentially one-dimensional along the axial length

of the granuler propellant bed.
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Figure 2 Schematic Drawing of the Combustor with the
Gasecus Ignition Systwm, Shear Disc, and Shtesr
Disc Ratainer

24




3.3 Gaseous Ignition System

Two ignition systems have been developed for igniting the granular
propellant bed: a gaseous H;-0, ignition system and an impact ignition
system. The gaseocus igniter, which was used primarily during the
earlier phases of testing, is shown in Fig. 3. This type of ignition
provides the capability to readily va?y igniter strength and duration.
Igniter mass floq rate is determined by the choked flow equation using
the maasured ignition chamber pressure and the adiabatic flame temperature
for the mixture. The igniter strength is controlled by regulating the
oxidizer-fuel ratio and the awmount of reactants in the chauwber. Hydrogen
and Oxygen were chosen as the reactants because of their easy izuitability
by sparks, and wide flammability limits. The gaseous reactants are
mixed in the ignition chamber by injecting hydrogen tangentially Jinto
the oxygen atream to achieve good turbulent mixing within a short
distance. Two spark plugs are recessed from the flow stream and recircula-
tion eddies in the recessed cavities act as flame holders which stabilize
the flame in the high velccity gas stream.

The ignition and combustion chambers are separated by a multi-
perforated convergent nozzle, shown in Fig. 4. The norxzle is covered and
tightly sealed by tape on the upstream side to prevent unburned reactant
gases from entnring the propellant bed befora ignition. The deaigr of
the nozzle is intended specifically to provide uniforms heating of the
granular propellant, to achieve a one-dimsnsional flow condition, and

also to provide a one-dimensional compaction of the bad.
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3.4 Impact Primer Ignition System

The impact ignition system (more comdonly called a primer),
which has been used in the later phase of the experimental study, is
shown in Fig. 5. This igniter provides an extremely short induction
period compared to that of cthe zaseouz igniter. The smallar volume of
the impact primer results in significantly less back flow than the
gaseous system which in turn produces higher peak pressures and corre-
sponding higher flamec spreading ratees in the granular propellsnt bed.

The estrength of the impac:t primer cantot be varied as rzedily =zs
th2 gaseous system; however, various sizes »f primers of ideatical
composition are available. This permits ¢ limited capabi ity to vary
the strength of impact igniters.

The impact ignition system consists of a 120 VAC soleroid, a
firing pin, and a small primer cartridge which contains the explosive
charge. The density and mass fraction of each constituent in the primers
used in this study are given in Table 2. 1lgnition {s achieved in the
following sequence: A series of ignition switches are activated which
supply 120 VAC to the igniter solencid. The magneti: field establishad
in the solenoid causes the solenoid armsturs to more forward and strike
the firing pin. When the armature strikes the pin, a 2 VDC signel is
grounded and the resultant DC pulae is recorded as a referenca time for
the combustion event. Simultaneously, the firing pin strikes the
primer cartridge, causing the primer blest, which is subsequently

discharged into the granular propellant bed.
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TABLE 2

R,

PHYSICAL AND COMPOSITIONAL DATA OF PA-34
AND 7A-41 PRIMERS(40)

§

- i
§ THGREDIENT % BY WEIGHT DENSITY(g/cc)
: PETN 5.0 £ 1 1.77

§ Lead Styphnate 37.0 £ 5 3.02

i Tetracene 4.0 £ 1 1.05

§ Aluminur Powder 7.0 £ 1 2,70

z Antimony Sulfide 15.0 ¢ 2 4.12

; Barium Nicrate 22.0 £ 5 3.24

Average Derm:ty of the Mixture = 3.092 g/cc
: Weight of PA-34 primer = 0.400 grains

Weight of FA-41 primer = 0.300 grains
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3.5 Projectile Chamber

The last section of the test rig is the projectile chamber which
is a smooth-bore, 30 caliber, thick-walled gun barrel. To observe the
transient location of the projectile, a ligh* source-sensor system has
been developed. This system is currently capable of providing six
distinct position-time points for the displacement of the projectile
during the combustion process., Each channel of the light system works
in the following manner: Light generated from a 12 §olt lamp travels
through a 2.5 cm plexiglass rod mounted in the wall of the chamber. It
travels across the 30 caliber bore and through another 2.5 cm plexiglass
rod vhich is mounted diametrically opposite to the first rod. The
light is then rsceived by a phototransistor. The six beams of the light
system arc spaced 3.81 cm apart along rhe length of the projectile chauber.

In order to permit a prassure build-up in the combustion chamber
prior to motion of the projectile, and to simulate the cartridge
friction before shot start, the base of the projectile is glued to a
1.27 cm diameter atainless cteel shear disc. The 0.8l mm thick disc is
"sandwiched" between the projectile chamber and the combustion chamber.
When tha precsure in the combustion chamber has reacheg a critical value
(2,072 atm), the shear disc ruptures and the projectile starts to move.
The projectile represents a woving downstresm boundary and provides a
traasient increase in volums for the combustion process. However, during
the initial phase of the study, the projectile and projectile chamber
were raplaced by & shear disc end shear disc retainer (Fig. 2). This

configuration represents a fixed downstream boundary until the disc
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ruptures, at which time the combustion event is terminated with a rapid
depressurization of the combustion chamber. The shear disc uscd in the
fixed~boundary study was identical to that used with the projectile
configuration and the shear disc retainer was merely a shortened version
(length=35 cm) of the projectile chamber in order to provide the same

shearing effect at the downstream boundary.

3.6 Instrumentation

As shown in Fig. 1, the combustor is instrumented with four pressure
transducevrs, four ionization pins, and six photo optic sensors. In
addition, a simple DC circuit connected to the solenoid armature of

the primer indicates the time the firing pin starts in motiom.

3.6.1 Pressure Transducers

The Minihat pressure transducers (36) are resistance-type
transducers with a pressure range of 100,000 psi and a sensitivity of
20,000 psi/fl, nominal. The gauges are periodically culibrated at the
Ballistics Resesrch Laboratories to a static pressure of 50,000 psi.

The resistive element of the gauga represents a single zrm of a
Wheatstone bridge, as shown in Fig. 6. An electrical calibration is
provided by a shunt resistor whiclk parallels a 40l resistance in the
same bridge arm as the resistive element of the gauga. When the shunting
switch {s closed, the parallel combination produces a step function out-

put equivalent in ragnitude to a pressure signal of 350,000 psi.

3.6.2 Ionisation Pins

The location of the flams front in the propellant bed during the

transient avent is measured by four ionization pins evenly spaced and
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Figure 6 Schematic Diagram of the Minihat Bridge Circuit

33




m———_— e

spirally located along the length of the combustion chamber. Physically,
the {onization pin is a smalil (.032 in 0.D.) coaxial tube with a dielectric
material separating the inner and outer conductors. The pin is mounted

ir. the wall of the chamber in such a maﬂner that the tip of the pin is
flush with the inside wall of the chamber. Electrically, the pin
represents a swirtch in a simple RC civrciit as shown in Fig. 7. When the
switch closes. the capacitor discharges and a single puise is developed
across the ocutput xesistov. During the combustion process, as the

flame front passes &n ionizaticn pin, the ionized gases in the flame
provide a path for current flow from tha: inner to outazr conduactor of the
pin, thereby closing the swiutch of the ionization pin circuit and producing

a single pulse output.

3.6.3 Projectile Displacement Measurement

As previously deecribed in Section 3.5, the location of the projectile
is mwasured by a light snurce -~ photo sancor svstem. Each phototransistor
is the initiai phase of a timing generator circuit. When light is received
by a phototransistor, no output is generated from the circuit. Howrver,
wvhen the projectile mcvas dowmn the projectile chamber, it interrupts the
light beam to ecch phototransistor and a single pulse is generated by
each of the six circuits. The timing genevator circuits have been
desigaed to genarate one single pulse and then becoms dicabled. This
design iz required to prevent "false signals" when unburned propeliant
particles flcwing bdehind the projectile interrupt the light beams to
the phototrsiusistors. In order to reduce the number of tape recorder

channels required for the timing generator circuits. the eix output
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circuits are combined into three data channels. To accomplish this and
stil]l maintain adequate resolution of the timing pulses, channel 1 is
combined wich chanrel 2, channel 3 with channel 4, and channel 5 with

channel 6.

3.7 Data Acquisition System

A block diagram of the data acquisition system is showa in Fig. 8.
&L wiring diagram of the system i{s given in Appendix 3. Currently, 15
data signals are zenerated for each %est firing (4 oressure transducers,
4 ionization pins, 6 phototransistor signalys, and 1 trigger pulse). The
bridge circuits for the pressure transducers are powered by a 6 channel
Acopian model 2115 9 wolt DC regulated power supply. The output of
each bridge is amplified by a six-chaanel 50 db wide band preamplifier
which was manufactured by the Electronic Services Depactomeut of The
Parnsylvania State University. Following amplification, the pressure
data are recorded on & high speed magnetic tape recorder.

The fonization pins receive power from four 40 volt Ever ready
pover cells. The output of the lonization pin circuits raquire no
amplification or signal processing and are recordad directly onto the
tapo racordar.

The 8ix channel timing gensrator used in measuring the projectile
displscemant is pcweraed by a single channel of the power supply used
with the bridge circuits. As descrided in the previous section, the
six signsls ara combined into three aid then recorded directly onto the
tape. The trigger pulse also requires no amplificaticn and is recorded

directly onto the tape.
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Figuve 8 Block Diagram of the bData Aquisition Systea
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The high speed magnetic tape recorder is a Hewlett-Packard model
3924 B with a simultaneous 14 channel record/reproduce capability. Seven
chaunels record in the ¥.M. mode with a band width of DC-20 KiHz and a
frequancy response of +0, -1 dB. The other seven channels record in the
Direct wmode with a band width of 300 Hz to 250 KHx and a frequency response
of +0, -1d8. In addition, an edge track is available to record the
output of the voice channel amplifier.

When the tape recorder is operated ir the reproduce mode, its output
is recorded by a Biomation 1015 Transient Waveform Digitizer. The
Biomation unit provides & channel data storage, 1024 bit memory per
channel, and is capable of a maximum real-.ime resolution of 10 . seconds.
When operating in the maximum resolution mode, the time axis output of
the Bimtion i{# expanded by a factor of 10,000. The output of the
Biomation is used to drive the horizontal and vertical deflection of an

x -y plotter to obtain a hard copy of the 15 time-corralated data signals.
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CHAPTER 1V

EXPERIMENTAL RESULTS OF GRANULAR BED COMBUSTION

It 18 the purpose of this chapéer firstly to present the experimental
data obtained for a particular set of conditions which will be called the
Raference Case, Using this as a basis, a qualitative explanstion of the
physical processes that occur during the rapid combustion event will be
given. Secondly, data will be presented for which a single variable
has been changed from the reference case and a direct comparison will
be made in order to study the effects of primer strength, propellant
type, and boundary conditions. In additicn, the data are used for the

verification of the theoretical model.

4.1 The Reference Cacge

For convenience of comparison, the reference case has beer selected
as a test firing with the following condiiions:
a) WC~870 ball propellant (properties are listed in Table 3);

b) 7.00 gm loading weight in a 30 caliver chamber, 15.24 cm
long;

¢) PFA-34 impact primer (counstituents of the primer are listed
in Table 2); and :

d) 0.81 sm stainless steel shsar Jisc at the downstream boundary.
A schematic diagram of the experimentul apparatus for the refurence

case is shown in Fig. 9.

4.1.1 Experimental Data

The results for a typical tes: firing for the referance case are

shown in Fig. 10; the curves are shifted vertically for clarity. The
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TABLE 3

PHYSICAL, COMPOSITIONAL AND TESRMO-CHEMICAL DATA
OF WC 870 PROPELLANT*
Particle Shape = Spherical
Granulation
Max Particle Diameter = 0.0965 cm
Min Particle Diameter = 0.0656 cm
Gravimetric Density = 0.960 gm/cc

% Nitroglycerin = 10.0

% Nominal Nitrogen
Content of Nitrocellulose = 13.15

% Deterrent Coating = 5.20

Heat of Explosion = 870 cual/gm

Flame Temperature = 2831 °K

*This WC 870 Propellunt was manufuctured by Olin
Corporeation, Winchester Group
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Figure 10 Typical Pressure-Time and Plame Spreading Data for
the Refererce Case (DAP test No. 87)
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relative positious of the pressure gaug32s are given in Fig. 2; ncte

that gauge 1 (Gl) Is used only with the gaseous igniter. Only three

ionization pin traces are shown here because IP 2 {3 discharged by

igniter gases and occurs simultuneously with the firing pin pulse.

Since it does not give useful information about flame spreading, IF 2

was not used for most of the test firings. Note also that IP 3,4.,5

are located directly opposite to gauges 3, 4, and 5, respectively.

From Fig. 10, several significant phenomena can be immediately seen:

a)

b)

c)

4)

e)

£)

the first discernible precsure rise for each pressure gauge
occurs consecutively for GZ to G5, indicating the existeice
of a pressure wave traveling along the length of the chamber;

the pressurization rate increases consecutively for downstream
positions;

the downstream gauges (G4, G5) indicate a second pressure
peak, whereas the upstream gauges (G2, G3) show only a
single peak;

the first discermible voltage on éach IP trace nccurs slightiy
before the first discernibla pressure tvise at sach positicn;

befcre the shear die: ruptures, the pressure at the last
gacge (G5) overtokes the pressures at the upstream locations;
and

all gauges depressurize at »pyproximately the same race.

4.1.2 Explaaation of ths Physical Process

These observations can be axplained in the following manner. The

time delay batween the first dimcornible prassure rise of sach gauge is

due to the finite time period required for the panetration of the hot

product gases iuto tha interxstitial voids, rssulting in a finitﬁ rvate of

flame spreading through the granular bed. The increassd pressurigation

tate for downstream positions can bes understood by comsideriag the
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sequence of p’essure wav: development through the granular bed. After

the priwmer discharges into the combustion chamber, the upstrcam propellant
grains ignite and begin to gasify, establiishing a relatively weak pressure
wave which travels in the downstresm direction. Progressively, additional
propellant begin to gasify, thus creating a higher pressure behind the
pressure front. As the presgsure level increases, the burning rate, and
thus the rate of gasification, increagses, which 1a turn causes even

higher pressures. As the process continues, the pressure and the rate

of gasification and pressurization continue to progressively increase,
creating higher pressures and thus higher gasification rates. This
"snowball" effect during the combustion of granular solld propellanc is
vhat causes an axtrame pressure gridient at the pressure wave {ront.

from the pressure-time traces sand {lame spreading dace of Fig. 10, it 1is
conceivabla chat for a much lenger combustion chamber under strong
confinemeat, the preusuvrization rate would continue to increass until
eventually DDT occurred. Other investigators (27-29) have shown that the
diame ‘er of a porous propellant charge alsoc affects *he rapid combustion
pfocclc. Thevafore, an important paramecer in gun system design is the
length~to-diamater ratio for end buwniang osropellant charges.

The second pressure peak experienced by the downatream gzuges (G%, GS)
is che result of the rupture of the shear disc. Upon rupturing, the
subsequent forwerd motion of the shear disc establishes a rarefaction
vave which travels backward through the chambar. This expansion wave
cauges an abrupt dip in pressure a: the GS and G4 locatiuns, while the

vpstrean gauvges, G2 and G3l, continue to show a smooth prassurization
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since they are unaffected by the rarefaction wave until a later time. G2
and G3 indicate an almost simultaneous peak pressure at the arrival of
the rarefaction wave since, by this time, the porosity in the upstream
region has increased substantially due to particle motion and burning.
The second pressure peaks indicated by G4 and G5 are'caused by compression
waves which are generated in the region near the igniter and by the motion
of burning particles toward the downstream portion of the bed.

The theory that a convective front precedes the pressure front
through the propellant bed is further supported by the fonization pin
data which indicate that the ionized product gases (or flame) arrive at
dowastream positions elightly ahead of the pressure front traveling
through the bed. 1In Fig. 10, IP 4 and IP 5 consistently indicate a
second pulse which occurs after the arrival of the steep pressure front.
It if believed that this second pulse is caused when the pin is physically
shorted to the wall of the chamber due to the extreme impact of the steep
pressure wave. I? 3 coneistently indicates a single pulse since the
pressure front is still relatively weak and does not crush or destroy
the ionization pin as it does for downstresm positious. In Chapter 2, it
was mantioned that previous investigatora have used ionization pins to
neasure the speed of flame front propagation through a porous propellan:
charge. The results of the current study, however, prove inconclusive
as to whcther the fonization front is actually the ignition fromt of the
particles. These results suggest that the ionization pins might just as
well indicate the time that the combustion product gases arrive at a

given location, and there is no experimental evidence to date relating
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the flame front to the product gases in granular propellant combustion.
Therefore, the term "convective front" will be used to describe some
convective mechanism -- either hot product gases, or ignition front, or
both -~ which slightly precedes the pressure front through the porous
propellant charge. Using this definitior, then, the ionization pin
data in Fig. 10 show that the convective front accelerates slightly as
it travels downstream through the bed.

Before the shear disc ruptures, the pressure at the last gauge
position, G5, overtakes the pressure at the upstream. This phenomenon
occurs consistently in every test firing and is the result of the extreme
pressure gradient due to the snowball effect described above. In general,
the rupture of the shear diac may be caused by intergranular stresses
which are transmitted through the propellant bed or by the arrival of
the pressure front or a combinatiov of these two mechanisme. The exact
cause of the shear disc rupture is still unknown; however for small
arms systems, it is believed that granular stress at the shear disc is

small due to high wall friction, and therefore rupture of the disc is

caused mainly by the arrival of the pressure vave.

After the rupture of the gsheaar disc, a significant quaatity of ‘
unburned propellant is discharged from the downstream porticn of the bed,
resulting in a large void within the chamber. At this time, all spatial
dependence becomes negligible as shown by the uniform depressurization
of all gauges in the chamber. Downstream gauges have a slightly more
rapid depressurization due mainly to their proximity to the vented end

of the combustion chamber. e
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4.2 Effects of Igniter, Propellant Type, and Downstream Boundary

Having defined the reference case for this study &nd having
briefly explained the most significant phenomena, the purpose of this
section is to alter a single variable of the reference case and then
observe any notable changes in the test results. The various cases
tested are listed below:

Case 1) Gaseous H,-0, igniter to replace FA-34 primer.

Caon-Z) PA-41 primer to replare PA-34 primer.

Case 3) WC-846 propellant to raplace WC-87C propellant.

Case §) Undeterred WC-846 propeliant to replace WC-870 propellant.

Cage 5) Projectile to repiace the shear disc.

4.2.1 Rffect of Igniter Strength

The primer-propellant intorface iu one of the most isportant
characteristics inthe dosi‘p and modelling of modern gun systems.
Previous invastigations have indicaced thlf the initial strangth of the
ignition source can graatly atffect the pesk pressures and preasurization

T Y in an end-burning porous propsllant charge long after the
iguiter has besn axhausted. Three types of ignition sources have been
used in this study: o gaseous H,-0, igniter and two aolid explosive

" impact =~ rs.

4.2.1.1 Cassa l: Gaseous H3-0; Igniter

The pressure time results of a typicul test firing using the
gaseoue H;-0; igniter are given in Fig. 11 (rofer to Figure 2 for experi-
mntal test set up). The genersl zhape of the p-t traces is quite
similar to that af‘tho reference case. The pressurization process down~
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Figure 11 Typical Pressure~Time Trices for the Case 1
Assenbly Configuration (Traces are offset

vertically for clarity)
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stream increases faster and eventually overtakes the upstream pressure
traces. In addition, the data show that the rate of pressurization
invariably increases in the downstream direction. 1In Fig. 11, the
pressure transducer, Gl, was positioned in the iznition chamber, and
because of a choked back flow condition at the nczzle, :l.: lagos the rise
in pressure at the G2 position. As in the referenco cu.c, an upstream
gauge (such as G2) senses the pressurization much sooner than the
gauges at dowvnstrezm positions, and the rate of pressu-ization is sig-
uificantly higher for the downstream gauges. 5imilarly, the prassure
peak for G5 occurs slightly ahead of G2 pacause of the rarefaction
wave phenomenon described in Section 4.1.2. The most significant
differences between this case and the reference case are the magnitude
of the peak pressures and the total timo for the combustion event.

The reduced pressures for the Case 1 configuration are most
probably explained by the larger volume of the gaseous systam which
results in a reverse flow of product guses through ths mmlti-convergent
nozgle into the ignition chamber. This increased volume (about 502 of
the voluse of the combustion chamber) is not availzble with the iaspact
primer systam. In addition, the revarse flow of hot product gases
results in a decrease in the amount of product gases available to
heat the unburned (donwstream) propellant to ignition. Aa a result,
the convective machanism described in Sectioa 4.1.2 is cignificantly
weskaned and conseyuently the combustion event requires approximately

tvice the time as the reference case.
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As previourly discussed, one of the primary objectives of this
expevimental study is tn provide a direct means of comparison for the
theoretical model. Figures 12-13 show a compariscn of the pressure-
time history for four positions along the bed for Case 1. The experi-
mental Jdata are represented as a composite of six firings (shaded areas)
to show the band or range in which the data fall. The theorctical
predictions are reprasented as a single dark line and are calculated
cnly prior to the rupture of the shear disc. An inspection of Figs.
12-15 ehows the general reproducibility of the Case 1 test firings and
the relatively good agreement between theory and experiment with
pressure magnitude, pressure slope and pressure rise times at eack gauge
location. Figure iZ shovs that a major portion of the predicted
prassure at G2 lieg within the range of exparimental firings; for the
early part of the transiant intarval, the calculated value of nressure
is lower than the experimenial datz. This is probably either aue to
the uncervainty in bed compaction by primer blast or due to the
ampirical correlatisn used for the flow resistance calculations. The
registance correlation was obtained under a no combustion condition which
may rasult in a higher calculated hed resistance than the real tast
condition. A more completa comparison is given in Reference 5.

6.2.1.2 Case 2: FA-4]l Primer
The chemical composition of the PA-41 ‘mpact primer is identical
to thac of the FA-34 primez but physically it is approximatzly 75% of

the volums. This smaller size results in s weaker {ign'tion source with
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a smaller igniter mass flow rate. A typical test firing using the FA-41
primer with the WC 870 ball propellant is shown in Fig. 16. The two
most significant features of this case are (1) the very slow initial
burning and pressurization at the G2 location (upstream) fcllowed by
a rapid accaleration of the pressure front, and (2) ghe absence cf
sharp pressure peaks for all poaitions along the bed.

A comparison of the pressure-time trzces of Case 2 and the reference
case is given in Fig. 17. This direct ccmparison by starting the
first discernible pressure risas at G2 from the same time clearly
shows that the weaker primer produces slower burning and smaller pressure
slopes than the reference case during the initial phase of the combustion
event (G2). Once the granular propellaat has ignited, however, the
pressure front acceleratas at a much fastfr rate until the downstream
gouges (G4 and G5) exhibit: the same pressure slopes as the reference
case. The smaller igniter mass flow rate for the Case 2 firing results

in a lower raute of convective heat transfer during the initial stages

‘of burning. This in turn decreases the initicl rate of flrwe spresding

within the bed, resulting in a decressed spatial variation of pressure
along the chamber. In additiom, the weaker primer does not compact
the propellant bed as much as ths stronger primer of the referance
case; less cowpaction results in uore void volume in the Jownstresm
portion of the bed. 8ince the propeallant particles ara pot as tightly
rlcktd_. there is lees flow resistance withic the bed. As a result, the

accalerativn of the convective {ront becomes more pronounced.
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Figure 16 Typicsl Pressute-Tize and Flame Spreading Data €for a
Cose 2 Teet FPiring (DAP Tast No. 88)
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4.2.2 Effect of Propellant Type and Deterrent Concentration

One of the most important elewents that can influence mass
consunption rates and pressure-~time histories for interior ballistics
is the particle geometry and the burning rate of the propellant itself.
It is not within th: scope of this studTZ{o develop a relation between
propellsnt physicochemical propexties aud burning characteristics.

The purpose of this section is, however, to ccmpare the data obtained
for two additional propellants with the refergnce case, and briefly

point out any significant characteristics for lachgpropellant type.

4.2.2.1 Case 3: WC-846 Deterred Prop..lat
Shown in Fig. 18 is a typicsl set of éatm using WC~-846

deterred propellant with an FA-34 primer and O.AIIIM shear disc in the
15.24 ecm, 30 caliber combustio- cl.ambec. The pre¢perties of the Case 3
propelliint are listed in Table 4. The results of test firings for
Cage 3 show a significant arceleration of the pressure front as it
travels thriugh the propellant bed. In addition, the peak pressuces
for Case 3 are consistently higher thin those of tha reference case.
A comparison of the preassure-time data for Case 3 and the refecrence case
is given in Fig. 1%. Iu evalusting thes. phenomena, .t is important
to coasidar vhe particle geomutrias. The WC 870 (referencs case)
propellant is a spherical grain with o wmaximua dlsmeter of 9.0963 cm
and a loading weight in the 15.24 cm combustor ol about 7.0 gm. The
WC 64I H»ropellsat has a cylindriecal . d4isc shape with a waxinwm pe-ticle

diameter of 0.0686 cm and a loadiag wo:igh: approximately 7..) sreater

thip ths referenns :ase. This difference in particle ganmetry has two
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Figure 18 Tvpical Pressure-Time and Flime Spreadinsg Dats for a Case
3 Test Piring (DAP Test No. 89)
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TABLE 4

PHYSICAL, COMPOSIT.ONAL AND THERMO-CHEMICAL DATA
OF WC 846 PROPELLANT*
Particle Shape = Cylindrical-disc
Granulation
Max Par:icle Diameter = 0.0686 cm
Min Particle Diameter = 0.0406 cm
Web (thickness) = 0,0381 cnm
Gravimetric Density = 0.980 gm/cc .
Z Nictroglycerin = 10.0

X Nominal Nitrogen
Content of Nitrocellulose = 13.15

% Deterrent Coating = 4.9
Heat of Explosion = 383 cal/gm

Flane Temperature = 2,858 °K

*This WC 846 Propellant was manufacturad by Olin
Corporation, Winchester Group
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significant effects on the initial state of the propellant bed: (1)
the smaller WC 846 propellant results in a smaller initial porosity
of the gfanulat bed, and (Zf the cylindrical-disc shape of the WC 846
grain offers a larger wetted propellant area par unit voiume of the
propellant particles.

The larger wetted surface area will necessarily increase the total
gasification rate of the propellant and thereby increase the pressurization
rate within the bed. 1In addition.athe smaller porosity means z asmaller
void volume within the ptopollanf,$cﬁﬁénd results in correspondingly
higher peak pressuras.

4.2.2.2 Case 4: VC-846 Undeterrad Propellant

In the theovetical modeling of combustion processes, one of
the mosi difficult problams is to accurately. specify the propellant
deterrent concentration which is a critical input to the computer
solution of the model. This {s because the detailed distribution and
thiciness of deterrant coating on the particle grains is currently
unknown. As & result, propellant burning rate as & function cf
instantgneous particle radius is also unknown. The objective here is
to show the drastic changes in pressure-time data whan the deterrent
coating is not present on tha surface of the propsllant grain, and the
need for concentrated studies in this area.

Figure 20 shows a comparison of the pressure-time histories for
the 5% deterred (Case 3) and the undeterred (Case &) WC-846 propellant.
This direct comparison shows that the burning characteristics for

the undeterred propellant are much more energetic than the deterred
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provellant. This can ba seen by comparing the pressure slopes at the
upstream gauge locations (G2, G3). Indeed, the pressure wave travels
thrcugh the undeterrad propellant bed in approxiriately 70 usec which
can almost be considered as an isochronic ignition of the entire bed.
The pressure wave for the deterred propellant takes about six times
longer to Fravel from G2 to GS. The pressure levels for Case 4 are
significantly h!gher than for Case 3 f‘sacially at the 5, position.
This extreme preé@urc peak is probabiy caused by the finite t.me
required for the shear disc to rupture; since the pressaure wave is

30 steep and moving 8o fast, the rupture of the shear disc occurs at

a nu;; higher pressure than for the slower cases. 4is a result of this
extreme pressure level, the rarefaction wave gencrated,by the shear
disc motion is much more pronounced, and causes a rapid depressurization
at the G5 and G4 locationa.

Clearly, the percantage of deterrent content in :-he propellant
grains can drastically affect the entire combustioa event. To
accurately model flams spreading and combustion processes in a granula{
bad of deterred propellants, more accurate information about deterrent
concentration distribution and propellant burning rate as a function

of presgsure and deterrent comcentration iz required.

4.2.3 Effect of Downstream Boundary
In order to more realistically aimulate a gun system, the ventiny
shear disc at the downstream boundary was replaced by o projectile

and a 27.5 cm gun barrel as shown in Fig. 1. The shear disc remaived
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in the new configuration (attached tc the projectile) in order to
permit a pressure build-up within the chamber before notion of the
projectile. This set-up provides a transient increase in volume of the
combustion chamber during the combustion event.

4.2.3.1 Case 5: Moving Projectile A

A typical data set for a test firing using a sliding projec:ilé
is given in Fig. 21. In¥-ld§-"‘.10n to pressure ard flam: spreading data,
the Case 5 tests also 1m§1ude projectile displszement messurements.

The physics]l arrangeaent for the phototransistors has been given in
Section 3.5. It should be noted E:hlt the time of arrival of the
projectile at esach measurement pﬁiuoa is given by the first discernible
tise in voltage for each x.?"untt»truiﬂsistor pulse.

In Fig. 21, the flq{mx spreading data indicate a slight acceleration
of the flame fr.nt and also of the pressure front as they travel through
the bed. The projectile diuplacement data indicate a rapid acceleration
of the projectile followed by a slight deceleration as it nears the muzzle
of the projectile chamber. This deceleration is accompanied by a
decrease in pressure in the combustion chamber (G2-G3).

A comparison of Case 5 and the reference casa is shown in Fig. 22.
This direct comparison shows that the initial poriiom of both curves at
each zauge location agree quite closely. The effect of the piaton {s
most obvious after the time the shear disc has ruptured. Both cases
indicate the effect of the rcorefaction wava which is generatsd by rle
rupture and subsequent motiom of the downstream bowndary (G4, u5).

However, the Case 5 data for G4 and G5 saow a pronounced second perk

65




me of G2 = 4,180 Atm

G3 = 3,790

G4 = 3,010

G5 = 3,305
FA-34 Primer
WC-870 Propellant
Projectile Wt. = 5,72gm

P anag
G5 -
IP 3
N
IP 4 -~
IP 5
v

Phototransistor 1,2 AN

3,4 AN
5,6 AA_
i - 4 . A 4 2
0.0 o-s 1-0 103 ) 2-0 2.5 3-0
TIME (msec) .

Figure 21 Typical Pressure-Time, Flame Spreiding, and Projactile Data
for a Case 5 Test Firinr (DAP Tesc No. 88)
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which is significantly higher than the first. This higher peak i3
causad by the continued gasification of propellant behind the projectile,
In addition, the momentary dip in pressure a. G4 and G5 is 50: as
great as that for the reference case because of the inertia of the
projectile; the projectile of Case 5 accelerates less rapidly than
the light shear disc of the reference case, thereby gererating a less
pronounced rarefaction wave which travels bhack through the bed.

Since the projectile travels through the projectile cl:amter in
apvroximately 0.5 msec, the Case 5 ccmbustion process remains
partially confined for that time perlod, resulting in & much slower

pressure decay than that for the reference case.

4.2.4 Comparison of the Locus of Pressure Fronts

The pressure wave development rfor the various cases observed in
this study can be summarized hy consldering the pluts of pressure front
loci shown in Figs. 23 and 24. Although the induction time for each
case is different, for the purpose of thia comparison the first
discernible pressure rise 2t G2 for each case is deslgnated as time
equal tn zero.

Figure 23 shous the affact of igniter aurength on the velocity of
pressure front propagation chrsugh the bad, Case 1 propagates with
the lowest veloclity due to the combination of a weak igniter and large
gaveous igniter volume. Case 2 also has a wealk igniter (FA-il) but
due co the small primer volume, the pressure fronz accelerates rapidly
in the downdtream portion of the granular bed. The refereace case

cembines s strong igniter (FA-34, with a swell primer voluse to produce

a relatively high velocity prassure from*.
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Figure 24 shows the effzct of propellanc type oun the propagatica
velocity of pressure front through the ded. For Case 3 (WC 846), the
velocity of the prassure front initially provagates with the Iowes:
velocity primavily due to a.lower initial porosity of the granular red.
However, it accelerates repidilyv and eventually approaches the velocity
of the reference cmase. For Zase & (undzterred WC 846), the velocity
of the prescure froat propageztes with the highest velosity and approachea

a near isochronic iguit .on of the 2ntire granular bed.
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CHAPTER VY

CONCLUSIONS

An experimental investigation iias been conducted to study the

offects of primer scrength, propellant type, and downstream boundary

on the transient coadustion processes in granular propeliant beds.

During the course of this study. an experimental test rig has been

designed and fabricated. Also, a data acauisition system has been

daveloped to measure the transient pressurization, flame spreading,

and projectile motion with a time resoiution of five micro seconds.

Several important conclusions of this investigation arve summarized

beiow:

1.

The igniter strength cigrificantly affects the transiant
ccubustion procasses in granular nropellant beda. A weak
tvimer which causes lezs bad compaction was found co
prayduce the following effects:

a) a louger induction period before ignition of the
bad; and

) @ pronounced pressure front acceleracion.

In addition, a large ignicer volume was found to cause
sigrificant back flow cof product gases, thareby retatvrding

the flame sproading aad pressuriczation prccesses.

Propellant deterrent concenitrution drusticaliy affects the
oversll combuaticn snd flame spreadiang procasses. Undeterred
propellient was found to cause:

8) axtrsmely rapid flame sprasiing due to rapid igririon
of nropellant particles

b) higher peak press::es due to higher geiificati~n rates

<) extremely high downstream prescurization rates due ¢ the

extvemely high velocity of the preasure frunt.
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3.

A larger propellant wetted surface area per unit volume
produce: an increased rate of total mass consumption,
resulting in more pronounced pressure wave phenomena withir
the granular propellant bed.

A moving downstream boundary produces the following

effects which are different from the vented chamber
configuration:

a) continued gasification of propellant behind the moving
projectile, resulting in a maximum peak pressure
after the projectile has started in motion; and

b) a longer time interval for the depressurization of
the zhamber.

An experimental test facility, including test rig and data
acquisition system, has been developed to study a wide
variety of combustion conditions. The test facility has
tiie capabilicy to detect and record the rapid tramnsients
that are characteristic of graiwular propellant combustion.
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APPENDIX I

GENERAL REFERENCE OF PRESSURE TRANSDUCER
TYPES AND SENSING ELEMENTS

Pressure trinsducer types:
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Pressure sensing elementsa:

a)
b)
<)
d)
€)
f)
8)
h)

1)

FLAT DIAPHRAM
CORRUGATED DIAPHRAM
CAPSULE

BELLOWS

STRAIGHT TUBE
C-SHAPED BOURDON TUBE
TWISTED BOURDON TUBE
HELICAL BOURDON TUBE

SPIRAL BOURDON TUBE
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APPENDIX II:

IGHITION SIITCH

WIRING DIAGRAM OF THE DATA ACQUISITION SYSTEM
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